Molecular imprinting is a most attractive method of preparation of dedicated stationary phases for chromatography. Its use for enantioseparations is attracting considerable interest. 1, 2 Imprinted materials can provide a very high selectivity for the objective compound, i.e., the imprinted molecule. [1] [2] [3] [4] [5] Although analytical applications are rapidly developing, the situation on the preparative front is less rosy. 1 Columns packed with imprinted stationary phases exhibit a poor efficiency and elution peaks are often unsymmetrical, especially for the more retained enantiomer. Sellergren et al. 1, 2 suggested that the nonlinear behavior of the adsorption isotherm was the main cause of the broad and unsymmetrical bands observed for L-phenylalanine anilide (PA) on an L-PA imprinted chiral stationary phase. Although the possibility of a slow mass transfer kinetics was also pointed out, no detailed study supported this assumption. Yet, information on the mass transfer characteristics of imprinted stationary phases is necessary to clarify strategies for the improvement of these materials.
dependence of both km,L of BSA 17, 18 and km of Tröger's base 19 reported previously [8] [9] [10] [11] and derived new information concerning the mass transfer characteristics of the four transport processes described above. In the case of anion exchange separation of BSA, 17, 18 it was shown that surface diffusion played a predominant contribution in the kinetic properties of mass transfer and that the linear concentration dependence of km,L probably resulted from that of the surface diffusion coefficient (Ds).
The positive dependence of Ds of BSA on its concentration could be interpreted by the heterogeneous surface model, suggesting a distribution of adsorption energy on the surface of the anion exchange packing materials. In the case of the chiral separation of Tröger's base, 19 on the other hand, both intraparticle diffusion and adsorption/desorption had important contributions to the mass transfer characteristics. A quantitative interpretation was also attempted for the thermodynamic properties of the chiral separation of Tröger's base.
The goal of this work is to derive new information on the mass transfer kinetics of L-and D-PA in polymeric stationary phases imprinted with L-PA and to provide an interpretation for the concentration dependence of km,L. We also attempted to explain the positive concentration dependence of Ds. The results of this study are useful for understanding the mass transfer characteristics in the enantiomeric separations using imprinted stationary phases.
Theory
A number of theories and models have been proposed for representing phase equilibrium and mass transfer kinetics in liquid chromatography. 6, 20 In this study, the Bi-Langmuir and the Freundlich isotherms and the lumped kinetic model were applied to the analysis of the adsorption equilibrium and the mass transfer kinetics, respectively. The details of the models can be found in the original paper 7 and in the literature cited. 6 
Adsorption equilibrium
The experimental data of the adsorption equilibrium of L-and D-PA on the polymeric stationary phase imprinted with L-PA were well represented by both the Bi-Langmuir and the Freundlich isotherms. 
where C and q are the equilibrium concentrations of the solute in the mobile and the stationary phase, respectively, a1, b1, a2, and b2 are the numerical parameters of the Bi-Langmuir isotherm, and aF and nF are those of the Freundlich isotherm. These parameters were assumed to be independent of C.
Mass transfer kinetics
In this study, the concentration dependence of km,L determined from the experimental breakthrough curves in frontal analysis was analyzed using the equations derived for locally linear chromatography. This model is applicable in staircase frontal analysis when the concentration amplitude of the stairs is low or moderate.
The general kinetic model in chromatography
The general kinetic model of chromatography is a complete model which identifies three phases, (1) the bulk mobile phase percolating through the bed of particles, (2) the mobile phase a2C ----1 + b2C a1C ----1 + b1C stagnant inside the porous particles, and (3) the stationary phase. This model includes the mass balance equations of the solute in the column and in the particles, and the kinetic equations describing the mass transfer between the three phases. From the first and second moments of the solution of the general kinetic model, the HETP (H) in linear chromatography is derived as follows. 6 
H = +2
with k1 = F(εp + (1 -εp)Ka) (3a)
where DL is the axial dispersion coefficient, u the average interstitial velocity of the mobile phase, dp the particle diameter, F the phase ratio (F = (1 -εT)/εT), with εT the total column porosity), kf the external mass transfer coefficient, De the intraparticle diffusivity, kads the adsorption rate constant, εp the internal porosity of the particle, and Ka the adsorption equilibrium constant. In this study, it was attempted to separate the contributions of pore and surface diffusions to intraparticle diffusion by assuming the following relationship 21, 22 De = Dp + (1 -εp)KaDs
where Dp and Ds are the pore diffusivity and the surface diffusion coefficient, respectively. The following equation was used for correlating Dp with the molecular diffusivity (Dm). 6 
Dp
The HETP equation in locally linear chromatography The theory of the shock layer in frontal analysis is an application of the lumped kinetic model under constant pattern behavior. Using this theory, the following HETP equation can be derived in nonlinear chromatography. This equation is valid at least as long as the column efficiency is not very low. 6 
H
where K is the slope of the isotherm chord (= FKa = F(∆q/∆C)). Equation (6) shows that the contributions of axial dispersion and of the other mass transport processes are additive in nonlinear as well as in linear chromatography, at least in frontal analysis and assuming the solid film linear driving force model. The mass transfer rate coefficient (km) summarizes the contributions of the three mass transport processes involved in nonlinear frontal analysis, (1) fluid-to-particle mass transfer, (2) intraparticle diffusion, and (3) adsorption/desorption. In this study, we attempted a quantitative analysis of the kinetic data determined from breakthrough curves measured under locally linear isotherm conditions (described later). The following equation can be derived for locally linear chromatography.
Equation (7) is similar to the plate height equation obtained in The lumped mass transfer rate coefficient As described earlier in an experimental study, 7 the value of km,L was determined from experimental breakthrough curves. The contribution of axial dispersion to band broadening is also included in km,L. The HETP is represented as follows:
km,L can be obtained from the following equation, derived from Eqs. (6), (7), and (8).
Equation (9) explains how the parameter km,L correlates with the individual contributions of the four mass transport processes in the column. The dependence of km,L on the solute concentration was empirically represented by the following relationship.
where km,L 0 and m are numerical parameters independent of the concentration.
Experimental
In this study, an attempt was made to interpret the positive concentration dependence of km,L in the enantiomeric separation of L-and D-PA on a polymeric stationary phase imprinted with L-PA. 7 In this part, we report only the information on the experimental conditions which is necessary to understand the analytical results presented in this paper. Other details on the experimental work can be found in the original paper. 7 
Chromatographic conditions
A polymeric chiral stationary phase imprinted with L-PA (dp, 25 -35 µm) was synthesized by polymerization in solution in methylene chloride (porogen). 7 Sellergren and Shea 23 measured a swelling factor of 2.01 ml ml -1 for the L-PA imprinted stationary phase, indicating that the volume of the swollen particles is about twice as large as that of the dry ones. They also reported that the pore volume and BET surface area of the polymeric stationary phase were very small under dry conditions. The stainless steel column (10 cm × 0.46 cm) used in this study was packed with ca. 1 g of the swollen particles of the L-PA imprinted chiral stationary phase, a hold-up volume of 1.019 ml was measured by injecting small amounts of acetonitrile (unretained) into the column. The total porosity (εT) of the column was 0.613 and the phase ratio (F) 0.631. As described later, the external porosity (εe) of the column and the internal porosity (εp) of the packing materials were respectively estimated as 0.40 and 0.36 from the elution peaks of an unretained compound. The estimated value of εp for the swollen particles is larger than that measured under dry conditions. Note that the pore structure of the polymeric stationary phase is probably different for the swollen and the dry particles because their swelling factor is quite large. We have no definitive information on the actual pore structure of the swollen particles. The only possible approach at this stage is to estimate the actual
properties of the swollen particles from the elution peaks of an unretained compound and to analyze the chromatographic behavior of the two PA enantiomers by using the estimated values of the parameters that correspond to the physical properties of the swollen stationary phase. As reported by Sellergren and Shea, 23 the pore diameter seems to be relatively large (about 1500 Å) even under dry conditions. However, the contribution of intraparticle convective flow to mass transfer is probably negligible because of the low flow velocity of the mobile phase. 24 The mobile phase was a mixture of acetonitrile and an aqueous buffer solution (70:30, v/v). The buffer was a solution of orthophosphoric acid and sodium hydroxide with a pH adjusted at 5.85. Efficiencies of 1060 and 880 plates were obtained for acetone (unretained 2 ) at flow rates of 0.5 and 1 ml min -1 , respectively. The sample solutions of each enantiomer were prepared at three different concentrations, 0.01, 0.1, and 1 mg ml -1 . The breakthrough curves were measured at 313 K, at a flow rate of 1 ml min -1 .
Procedures
After washing and equilibrating the column, the breakthrough curves were recorded using the classical concentration staircase method. Seven successive upward steps were performed, going from 0 to 5%, 5 to 10%, 10 to 20%, 20 to 40%, 40 to 60%, 60 to 80%, and 80 to 100% of the concentration of the sample solution.
By using sample solutions of three different concentrations, the solute concentration was raised to 1 mg ml -1 and the largest height of a concentration step from 5 × 10 -4 to 0.2 mg ml -1 . Each breakthrough curve gave one point of the equilibrium isotherm. Knowing this isotherm, all breakthrough curves were calculated using different, constant km,L values. This coefficient was kept constant during any such calculation. The experimental breakthrough curves were compared to the calculated ones. The rate coefficient for which the best agreement was observed between experimental and calculated breakthrough curves was taken as the best value of km,L for the average concentration of the concentration step.
Results and Discussion
A quantitative analysis of the mass transfer kinetic data derived from the experimental breakthrough curves 7 was first carried out. Some kinetic parameters were calculated from the resultant values of km,L. Then, we attempted to explain the positive concentration dependence of km,L and Ds. Figure 1 shows the phase equilibrium correlations for L-and D-PA on the polymeric imprinted stationary phase. As indicated in the original paper, 7 the experimental data could be as well represented by the Bi-Langmuir (Eq. (1)) or the Freundlich isotherm (Eq. (2)) but not by the simpler Langmuir isotherm. Table 1 shows the best estimates of the numerical parameters of these isotherms, i.e., a1, b1, a2, b2, aF, and nF. The lines in Fig. 1 show the best Bi-Langmuir isotherms. The Freundlich model provided almost the same results. 7 The symbols show the experimental data points resulting from the calculation of the phase equilibrium at the average concentration of each concentration step.
Adsorption equilibrium
The amount of L-PA adsorbed at equilibrium is larger than that of D-PA over the whole concentration range, illustrating the higher selectivity for L-PA of the chiral stationary phase imprinted with L-PA.
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Bi-Langmuir equation does not prove that there are two types of interactions with two different energies between the enantiomer molecules and the surface of the imprinted stationary phase. There are probably various types of adsorption sites with a distribution of adsorption energy on the heterogeneous surface of the stationary phase, as suggested by the applicability of the Freundlich isotherm. 22 More complicated interactions may be present between the enantiomer molecules and the various adsorption sites.
As listed in Table 1 , the values of nF are close to unity, 7 suggesting that the degree of curvature of the equilibrium isotherm is relatively small. Because the height of the concentration step in frontal analysis is also small, it is assumed that the breakthrough curves were measured under locally linear equilibrium conditions (i.e., linear perturbations). Figure 2 illustrates the values of ∆q/∆C (solid line) and dq/dC (dotted line) as a function of C. For the Bi-Langmuir isotherm, dq/dC is calculated as 6 = +
The solid and dotted lines are almost superposed in Fig. 2 . This confirms the locally linear assumption.
Thus, the experimental data on mass transfer kinetics can be analyzed with Eqs. (6), (7), and (9), which were derived in this assumption. In the following, we adopted the Bi-Langmuir model, for reasons explained elsewhere. 7 Mass transfer rate coefficient Figure 3 illustrates the dependence of km,L on the
concentration of each enantiomer. Although the range of variation of km,L is not so large, km,L does increase with increasing concentration of the enantiomers. As indicated earlier, 7 the positive concentration dependence of km,L could be represented by Eq. (10). Table 1 ) and between 0.031 and 0.077 cm for D-PA (km,L, 0.59 -1.5 s -1 ) at a flow velocity u = 0.164 cm s -1 , taking K as equal to 5 (Fig. 2) . These values are 2 to 20 times larger than those measured for acetone (unretained), ca. 0.01 cm. This shows that the mass transport processes inside the imprinted stationary phase (intraparticle diffusion and/or adsorption/desorption) influence significantly band broadening. The contributions of each term in Eq. (9) to km,L must now be evaluated individually in order to clarify the kinetic properties of this enantiomeric separation.
Estimation of the kinetic parameters
We want to estimate the kinetic parameters included in Eq. (9) 
Axial dispersion is usually assumed to consist of two mechanisms, molecular axial diffusion and eddy diffusion, with 6 DL = γ 1Dm + γ 2dpu (13) Because the contribution of molecular diffusion to DL is negligible under the experimental conditions of this study, combination of Eqs. (12) and (13) gives
The value of DL/u (= γ 2dp) was calculated as 3.8 × 10 -3 cm from the H values for acetone measured at flow rates of 0.5 and 1 ml min -1 . This lead to an estimate of 1.5 × 10 -2 s for FDL/u 2 . In this study, the value of DL/u was assumed to be constant, irrespective of the nature of the solute (acetone and the enantiomers) and of the solute concentration in the sample solutions. This assumption has little influence on the conclusions of the study because the contribution of axial dispersion to km,L is small (see later). On the other hand, information on kf and Dp can be derived from the slope of the linear correlation between H and u. These two parameters can also be estimated by using various other correlations. 6, 21, 22 In this study, the WilsonGeankoplis equation was used to estimate kf.
The value of Dp of acetone was calculated from Eq. (5). The molecular diffusivity (Dm) was estimated by the Wilke-Chang equation. 6, 25, 26 Dm,s = 7.4 × 10 -8 (16) where the subscripts s and sv denote acetone and the solvent, respectively, αA is the association coefficient, M the molecular weight, h the viscosity, T the absolute temperature, and Vb the molar volume of the solvent at its normal boiling point. Other parameters in Eq. (14) are physical properties of the packing materials or operational conditions. As a result, the porosity of the packing material (εp) and the void fraction of the column
(εT) were estimated as 0.36 and 0.40, respectively, from the slope of the linear correlation between H and u.
Estimation of kf.
The second term in the right hand side (RHS) of Eq. (9), dp/(6kf), can be estimated using Eq. (15) . The value of Dm for the two enantiomers was derived from Eq. (16) . At the flow rate of 1 ml min -1 , the value of dp/(6kf) was found equal to 1.1 × 10 -2 s for the two enantiomers. In this study, the concentration of the enantiomers was increased up to 1 mg ml -1 (0.1%). However, the concentration dependence of Dm was not taken into account because experimental results suggest that the concentration dependence of Dm is very small in the concentration range investigated, lower than 0 -5%. 6 The dependence of kf on the enantiomer concentration was also neglected. These assumptions have little influence on the calculation results reported here because the contribution of fluid-to-particle mass transfer to peak broadening is also relatively small, as shown later.
Estimation of Dp.
We can now calculate the contributions of the first and second terms in the RHS of Eq. (9). Equations (4) and (9) suggest that the sum of the third and fourth terms in the RHS of Eq. (9), dp 2 /(60De) + (kp/(1 + kp)) 2 /kads, tends toward dp 2 /(60Dp) as K and kp approach zero. Figure 4 illustrates the plot of (dp 2 /(60De) + (kp/(1 + kp)) 2 /kads) versus K. Figure 4 exhibits a large scatter and the intercept at K = 0 may range between ca. 0.15 and 0.25, which gives a value of Dp for the two enantiomers between 1 × 10 -6 and 6 × 10 -7 cm 2 s -1 . On the other hand, Eq. (5) gives for Dp an estimate of 6.5 × 10 -7 cm 2 s -1 . Both values are similar. It was reported that Dp is smaller than Dm by a factor between 3 and 30 for typical chromatographic packing materials. 6 In this study, the ratio Dp/Dm (= 1.3 × 10 -5 cm 2 s -1 ) is calculated as ca. 0.048. In conclusion, the value obtained for Dp is reasonable.
Estimation of kads.
Equations (4) and (9) also suggest that the sum dp 2 /(60De) + (kp/(1 + kp)) 2 /kads may be equal to 1/kads at K infinite because then the value of (kp/(1 + kp)) 2 is unity. When the contribution of surface diffusion to intraparticle diffusion cannot be neglected compared with that of pore diffusion in Eq. (4), the third term in the RHS of Eq. (9), dp 2 /(60De), may be neglected for K infinite. Figure 5 shows the plot of (dp 2 /(60De) + (kp/(1 + kp)) 2 /kads) against 1/K. This sum increases steeply with decreasing reciprocal of K. On the other hand, (kp/(1 + kp)) 2 decreases monotonously from ca. 0.9 to 0.7 with increasing 1/K between 0.1 and 0.5. In spite of this progressive increase, the curve has a profile quite different from those in Fig. 5 . It is unlikely that the curves in Fig. 5 depend mainly on the properties of the adsorption/desorption kinetics and that kads could be estimated by extrapolation of the plots in Fig. 5 . The 723 ANALYTICAL SCIENCES JULY 2000, VOL. 16 experimental conditions may be unsuitable for such a data analysis. From these results, it seems that the curves in Fig. 5 can be explained by considering the concentration dependence of De, namely Ds, and that the contribution of adsorption/desorption to the mass transfer kinetics is relatively small. In a previous paper, 2 Sellergren and Shea investigated the dependence of the reduced plate heights of L-and D-PA on the mobile phase flow rate and temperature. From the experimental results, they concluded that mass transfer was limited by slow intraparticle diffusion and that enantioselective (adsorption/desorption) resistance to mass transfer was small. As described above, (kp/(1 + kp)) 2 does not vary much under the experimental conditions of this study. When the average concentration of the enantiomers increases by a factor 3600 (from 2.5 × 10 -4 to 0.9 mg ml -1 ), the value of (kp/(1 + kp)) 2 decreases by only about 20%.
It is likely that the adsorption/desorption kinetics does not play an important role in peak broadening and that the contribution of the fourth term in the RHS of Eq. (9), (kp/(1 + kp)) 2 /kads, to km,L is small. The variation of this contribution also seems to have little influence on km,L. The validity of this assumption will be confirmed later. In this study, kads was assumed to be independent of C. In such a case, the difference between the sum of the third and fourth terms in the RHS of Eq. (9), dp 2 /(60De) + (kp/(1 + kp)) 2 /kads, at different average enantiomer concentrations arises from the difference of the reciprocal of De because the contribution of (kp/(1 + kp)) 2 /kads is offset. Figure 6 shows plots of the differences of 1/De thus calculated as a function of C. The value of De at the lowest average concentration (C = 2.5 × 10 -4 mg ml -1 ), denoted De,1, was taken as the reference. Although there are some scatter in Fig. 6 , De clearly tends to increase with increasing C. Because we assumed Dm (namely Dp) to be independent of C, the dependence of De on C should be explained by considering the concentration dependence of Ds. The results in Fig. 6 suggest that Ds increases with increasing C.
Now, values of the sum (dp 2 /(60De) + (kp/(1 + kp)) 2 /kads) and the difference (1/De -1/De,1) are available for the average concentration of each step, in the assumption that the contribution of (kp/(1 + kp)) 2 /kads to F/(Kkm,L) is relatively small. Once a value of De,1 is selected, the corresponding value of 1/De can be calculated for each data point in Fig. 6 , hence a value of kads derived for each concentration. So, for any De,1 taken as the reference, twenty different values of 1/kads can be calculated for L-PA and as many for D-PA since there are twenty data points (symbols) in Fig. 6 (beside the one at De = De,1). These values should be constant for each enantiomer, irrespective of C because kads is assumed to be independent of C. Because the concentration dependence of kads in enantioselective adsorption/desorption on imprinted stationary phases is unknown, it seemed appropriate, as a first approximation, to make this assumption. By taking successively each data point as the reference, twenty sets of values of 1/kads were calculated. Figure 7 shows the correlation between De,1 and the standard deviation of the sets of 1/kads values, standard deviations which, of course, depend on the original De,1 value. The best reference value, De,1, is the one that minimizes the standard deviation of the corresponding set. Note that we found the relative standard deviation of 1/kads to be unsuitable for this optimization because it was almost constant, irrespective of the choice of De,1. Two similar curves, both with a minimum, are observed for L-and D-PA in Fig. 7 . The optimum value of De,1 is between 6.0 × 10 -7 and 6.3 × 10 -7 cm 2 s -1 . For lower values of De,1, unreasonably negative values of kads are obtained. This optimum of De,1 is almost equal to the value of Dp (= 6.5 × 10 -7 cm 2 s -1 ) previously calculated, suggesting that the contribution of surface diffusion to intraparticle diffusion is not important at low concentrations (i.e., at C = 2.5 × 10 -4 mg ml -1 ). These two results, that the optimum values of De,1 are almost the same for the two enantiomers and that these optimum values are almost equal to Dp previously calculated, are consistent because Dp seems to be the same for L-and D-PA. An attempt will be made later to confirm the relatively small contribution of surface diffusion to intraparticle diffusion at C = 2.5 × 10 -4 mg ml -1 . In this study, the value of kads was calculated by taking Dp 724 ANALYTICAL SCIENCES JULY 2000, VOL. 16 as equal to De,1 for both enantiomers. As a result, kads was calculated as 86 s -1 (L-PA) and 50 s -1 (D-PA).
Derivation of an estimate of Ds.
Ultimately, Ds can be estimated from measured values of km,L because the other kinetic parameters such as DL, kf, Dp, and kads in Eqs. (4) and (9) are already obtained. Figure 8 illustrates the dependence of Ds for both enantiomers on their concentration. Although the data exhibit some scatter, Ds generally increases with increasing concentration. The values of Ds are between 1 × 10 -8 and 1 × 10 -7 cm 2 s -1 . In previous papers, 17, 18, 27 we demonstrated a similar positive concentration dependence of Ds in two phase systems, in anion exchange and reversed-phase HPLC. In anion exchange chromatography of BSA, the heterogeneous surface model could represent the positive concentration dependence of Ds. 17, 18 By contrast, in reversed-phase liquid chromatography (RPLC) on a C18-silica gel, the dependence of Ds of p-toctylphenol on its concentration was interpreted by the chemical potential driving force model. 27 Although Ds varies with the combination of solute, stationary and mobile phase in a separation system, some literature data on Ds previously reviewed are given in reference. Miyabe and Guiochon 27 reviewed surface diffusion data determined under various experimental conditions of RPLC, for different compounds, stationary and mobile phase. They reported that Ds was usually between 1 × 10 -7 and 1 × 10 -5 cm 2 s -1 under common RPLC conditions. Based on a comparison of Ds with Dm, they also proposed a restricted molecular diffusion model as the mechanism of surface diffusion. [27] [28] [29] A few other sets of experimental data on the surface and lateral diffusion of various solutes in RPLC and of macromolecules on other stationary phases are available and listed in Table 2 . Results previously published [27] [28] [29] [30] [31] [32] [33] [34] [35] suggest that Ds is a few orders of magnitude 725 ANALYTICAL SCIENCES JULY 2000, VOL. 16 Fig. 9 Comparison of the contribution of each kinetic process to the mass transfer resistance in the column at different concentrations of the enantiomers. Mass transfer resistance: dtotal, the overall resistance in the column; dax, the contribution of the axial dispersion; df, the contribution of the fluid-to-particle mass transfer; dd, the contribution of the intraparticle diffusion; dr, the contribution of the adsorption/desorption. 
Explanation of the positive concentration dependence of km,L
In the first part of this paper, several kinetic parameters, i.e., DL, kf, Dp, Ds, and kads, were estimated. The contributions of the four mass transport processes in the column to km,L can be calculated using these evaluations. The following equation is derived from Eq. (9). 
where δtotal, δax, δf, δd, and δr denote the reciprocal of km,L, the first, second, third, and fourth term of the RHS of Eq. (17), respectively. Figure 9a illustrates the dependence of each contribution to km,L on the concentration of L-PA. The contributions of axial dispersion (δax), fluid-to-particle mass transfer (δf), and adsorption/desorption (δr) are almost the same and are relatively small. Intraparticle diffusion (δd) has the dominant influence on km,L compared with the other three mass transport processes. The plot of δd resembles that of the reciprocal of km,L (= δtotal). It is concluded that the concentration dependence of km,L results mainly from that of Ds because Dp is assumed to be independent of C. This situation is similar to those found in anion exchange 17, 18 and reversed-phase chromatography. 27 A similar conclusion is derived from Fig. 9b for D-PA. In conclusion, surface diffusion provides the major contribution to mass transfer kinetics in the enantiomeric separation of L-and D-PA on the imprinted stationary phase. The characteristic features of surface diffusion should now be analyzed in more detail for a better understanding of this kinetics.
Explanation of the concentration dependence of Ds
We tried to characterize the mechanism of surface diffusion from the viewpoints of its dependence on both the temperature and the amount adsorbed. Various models were proposed to interpret the influence of these parameters. 37 The temperature dependence of Ds is usually analyzed using the Arrhenius equation, on the assumption that surface diffusion is an activated process. (18) where Ds0 and Es are the frequency factor and the activation energy of surface diffusion, respectively, and R is the universal gas constant. The thermodynamic properties of phase equilibrium and of surface diffusion are usually correlated. For example, an empirical parameter (α) was used to correlate Es with the isosteric heat of adsorption (Qst). The value of α is between 0 and 1 in many cases of surface diffusion.
Combination of Eqs. (18) and (19) gives
Equation (20) is frequently used to analyze the temperature dependence of Ds. 37 On the other hand, different models were also proposed to explain the dependence of Ds on the amount adsorbed; 37 for example, (1) the hopping model, (2) the heterogeneous surface model, (3) the Fick's law model, and (4) the surface pressure driving force model. We now attempt to analyze the concentration dependence of Ds by applying these models.
Hopping model.
In the hopping model, several equations may represent the correlation between Ds and the surface coverage (θ ) or ratio of q to the saturation capacity (qs). [38] [39] [40] Higashi et al. 38 proposed the following simple function to explain the concentration dependence of Ds.
where Ds,q and Ds,0 are the surface diffusion coefficients at a given amount adsorbed (q) and at zero surface coverage (θ = 0), respectively. Yang et al. 39 and Okazaki et al. 40 proposed modified equations including many physical parameters, such as Qst, the latent heat of vaporization, and the activation energy of the liquid viscosity of the adsorbate. In this study, Eq. (21) was applied to analyze the correlation between Ds and θ because the necessary information about the thermodynamic properties was not available. Figure 10 shows the correlations between Ds and 1/ (1-θ ) . The profiles are convex toward the ordinate axis for
ANALYTICAL SCIENCES JULY 2000, VOL. 16 
Heterogeneous surface model.
In the heterogeneous surface model, we assume a finite-width distribution of adsorption energy on the surface of the adsorbent. 22 The following two types of adsorption energy distributions were considered, depending on the adsorptive characteristics of the surface, a linear correlation between either Qst and q or between Qst and ln q. Because the adsorbate molecules are preferentially adsorbed on the high energy (more stable) adsorption sites, the adsorption energy tends to decrease with increasing q in both cases. Equation (19) suggests that Es also decreases with increasing q. As a consequence, Ds increases with increasing q as predicted by Eqs. (18) and (20) .
First, let us assume that the heat of adsorption is proportional to q, -Qst,q = -Qst,0 + βq (22) where Qst,q and Qst,0 are the isosteric heat of adsorption for a given amount adsorbed (q) and at zero surface coverage (q = 0), respectively, and β is a proportionality coefficient, which should be negative. By combining Eqs. (20) and (22),
Equation (23) suggests a linear correlation between ln Ds and q. 41, 42 Friedrich et al. 42 interpreted the concentration dependence of Ds in the liquid phase adsorption of phenol and indole from aqueous solutions onto activated carbons using Eq. (23). Similar to Fig. 10, Fig. 11 shows profiles convex toward the ordinate axis. This result shows that Eq. (23) does not explain the dependence of Ds on C either.
Alternately, the phase equilibrium can be represented by the Freundlich equation as described in the original paper. 7 In the Freundlich isotherm systems, Qst is proportional to the logarithm of q. 22 -Qst,q = -Qst,0 + γ (ln q) (24) where γ is the slope of the linear correlation between -Qst and ln q. It is negative. Combination of Eqs. (20) and (24) gives
where nF is the reciprocal of the exponent of the Freundlich isotherm and equal to the ratio -γ /(RT). Equation (25) suggests a linear correlation between ln Ds and ln q. The slope of the linear correlation should be αnF. 43 In Fig. 12 , ln Ds is plotted against ln q. Although the data exhibit some scatter, nearly linear correlations were observed for both L-and D-PA, suggesting the applicability of Eq. (25) Table 1 , the values of nF are 1.265 and 1.101 for L-and D-PA, respectively. From these results, α was estimated to be between 0.24 and 0.35.
As described above, kads was calculated by assuming Dp = De,1. We try now to validate the assumption that the contribution of surface diffusion to intraparticle diffusion is small at C = 2.5 × 10 -4 mg ml -1 . The values of Ds for L-and D-PA at the lowest concentration (C = 2.5 × 10 -4 mg ml -1 ) are estimated at 1.7 × 10 -8 cm 2 s -1 and 3.3 × 10 -8 cm 2 s -1 , respectively, from the linear correlations in Fig. 12 respectively, suggesting a contribution of surface diffusion to intraparticle diffusion of about 17%. These data indicate that pore diffusion contributes largely to intraparticle diffusion when the average concentration of the enantiomers is 2.5 × 10 -4 mg ml -1 . The results in Fig. 12 probably validate the validity of the estimation procedure of kads.
In the original paper, 7 the adsorption equilibrium of L-and D-PA on the imprinted stationary phase was measured at four different temperatures (313, 323, 333, and 343 K). The isosteric heat of adsorption at various amounts adsorbed was determined from the isosters corresponding to each amount adsorbed by the following equation. = (26) where C * is the mobile phase concentration in equilibrium with the amount adsorbed q; it is estimated from the equilibrium isotherms. The plots of the logarithm of the isosters against 1/T However, the two sets of values of anF were derived from entirely different characteristics, that is, the first one from equilibrium thermodynamics and the second from mass transfer kinetics. As indicated in Eqs. (24) and (26) , the values of anF equal to 0.57 and 0.18 were derived from the temperature dependence of the equilibrium isotherm. On the other hand, the values of anF equal to 0.44 and 0.26 were derived from the analysis of the dependence of Ds on the amount adsorbed, using Eq. (25) . In spite of these differences, the values of anF obtained by the two methods differ merely by 23 and 30%, respectively. Considering the accuracy of the measurements of the equilibrium isotherms and of the Ds values, this agreement is not a coincidence. Obviously, it demonstrates a new correlation between the retention equilibrium and the mass transfer kinetics. In summary, because of the fundamental meaning of these two parameters, the agreement between the values obtained for them is quite an important result.
We may conclude that (1) the adsorption equilibrium can be represented by the Freundlich isotherm; (2) ln Ds is almost proportional to ln q (Fig. 12) ; (3) -Qst decreases linearly with increasing ln q (Fig. 13) ; and (4) the values of -γ /(RT) calculated from the slope of the linear correlations between -Qst and ln q almost agree with nF of the Freundlich isotherm. These results, in turn suggest the following conclusions, (1) the positive concentration dependence of Ds can be interpreted by the heterogeneous surface model; (2) the distribution of adsorption energy on the surface of the stationary phase is represented by Eq. (24); and (3) Es is between one fourth and one third of -Qst. A previous report 7 showed that the adsorption equilibrium of the enantiomers could be expressed by the BiLangmuir or the Freundlich isotherm, not by the simple Langmuir one, suggesting the surface of the polymeric imprinted phase to be energetically heterogeneous. The results in Fig. 12 are consistent with those predicted from the properties of the phase equilibrium of the enantiomers.
Fick's law model.
In the Fick's law model, the slope of the surface concentration is usually taken as the driving force of surface diffusion. However, strictly speaking, the gradient of the chemical potential should be regarded as the driving force. 21, 22 Then, the concentration dependence of Ds is represented by the following equation,
where Ds,q and Ds,0 are the surface diffusion coefficients at a given amount adsorbed (q) and at zero surface coverage (θ = 0), respectively, and the ratio (dln C)/(dln q) is the logarithmic slope of the adsorption isotherm. Distinct correlations are not observed between ln Ds and ln(dln C/dln q) in Fig. 14 . The value of (dln C)/(dln q) in abscissa was calculated for the BiLangmuir isotherm. On the other hand, for the Freundlich isotherm, (dln C)/(dln q) is equal to nF, which is constant, irrespective of C. In this case, Ds changes due to the variation of C in spite of constant values of Ds,0 and (dln C)/(dln q). This seems to be unreasonable. In conclusion, the chemical potential driving force model cannot be used to explain the concentration dependence of Ds in this study.
Surface pressure driving force model. In the surface pressure driving force model, the gradient of the surface pressure is assumed to be the driving force of surface diffusion. 44 Similar to Eq. (27) , the following equation is derived.
where λ is a numerical parameter, assumed to be constant. Figure 15 shows that no linear correlation is observed between Ds and q(d ln C/d ln q). It is unlikely that the dependence of Ds of the enantiomers on their concentration could be explained by this model.
Conclusion
Mass transfer phenomena in the enantiomeric separation of Land D-PA on the polymeric stationary phase imprinted with L-PA were characterized. The kinetic parameters, De, Dp, Ds, and
ANALYTICAL SCIENCES JULY 2000, VOL. 16 kads, of the mass transfer processes in the L-PA imprinted phase were calculated from the analysis of the concentration dependence of km,L by using the parameters DL and kf estimated separately. The values obtained were reasonable and compared well with those reported in previous papers dealing with similar problems. Ds increased with increasing concentration of the enantiomers. The contributions of each of the four mass transport processes taking place in the column to km,L were derived from these kinetic parameters. The contribution of intraparticle diffusion was found to control the overall mass transfer resistance in the column. The dependence of km,L on the concentration of the enantiomers was explained by the positive concentration dependence of Ds. Finally, the concentration dependence of Ds was studied. The most common models of surface diffusion were tried. The concentration dependence of Ds seemed to be properly interpreted by the heterogeneous surface model. The distribution of adsorption energy on the heterogeneous surface of the imprinted stationary phase is probably well described by an exponential decay function.
List of Symbols aF
Parameter of the Freundlich isotherm (Eq. (2)) (-) a1
Parameter of the Bi-Langmuir isotherm (Eq. (1)
) (-) a2
) (-) b1
Parameter of the Bi-Langmuir isotherm (Eq. (1)) (ml mg -1 ) b2
Parameter of the Bi-Langmuir isotherm (Eq. (1) Mass transfer rate coefficient representing the contributions of the fluid-to-particle mass transfer, the intraparticle diffusion, and the adsorption/desorption to the band broadening (s -1 ) km,L Lumped mass transfer rate coefficient representing the contributions of the axial dispersion, the fluid-to-particle mass transfer, the intraparticle diffusion, and the adsorption/desorption to the band broadening (s -1 ) km,L 0 Parameter in Eq. (10) 
